Objective: Anecdotal evidence suggests that domestic dogs may be able to detect hypoglycemia in their human caregivers; scientific investigation of this phenomenon, however, is sorely lacking. This study thus aimed to investigate how pet dogs respond to the hypoglycemic episodes of their owners with type 1 diabetes. Methods: Two hundred and twelve dog owners (64.2% female) with medically diagnosed type 1 diabetes participated in the study. All participants owned at least 1 dog. Each person completed a purpose-designed questionnaire developed to collect information on their dogs' responses (if any) to their hypoglycemic episodes. Results: One hundred and thirty-eight (65.1%) respondents indicated that their dog had shown a behavioral reaction to at least one of their hypoglycemic episodes, with 31.9% of animals reacting to 11 or more events. Canine sex, age, breed status, and length of pet ownership were unrelated to hypoglycemia-response likelihood. Thirty-six percent of the sample believed that their dogs reacted most of the times they went "low"; 33.6% indicated that their pets reacted before they themselves were aware they were hypoglycemic. Dogs' behavioral responses to their owners' hypoglycemic episodes varied. Most animals behaved in a manner suggestive of attracting their owners' attention, for example, vocalizing (61.5%), licking them (49.2%), nuzzling them (40.6%), jumping on top of them (30.4%), and/or staring intently at their faces (41.3%). A smaller proportion showed behavioral responses suggestive of fear, including trembling (7.2%), running away from the owner (5.1%), and/or hyperventilating (2.2%).
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Introduction
P
et-keeping is a widespread and well-accepted phenomenon in today's society. As a nation of self-confessed "animal lovers," the British public now share their homes with over 9 million cats and 6 million dogs. 1 These animals can play an enormous role in their owners' lives. As well as providing a source of companionship, emotional support, and entertainment, there is now substantial evidence to suggest that domestic pets may be able to promote their owners' health. [2] [3] [4] [5] [6] Lately, some attention has been directed toward the ability of companion animals, particularly dogs, to serve as an "early warning system" for certain types of underlying physical ailments in humans. For example, dogs have been shown to be capable of using olfaction to detect the presence of cancer. In 1989, Williams and Pembroke 7 reported a case of a Border Collie/Doberman Pinscher crossbreed sniffing repeatedly at a mole on its owner's leg that later was found to be malignant. Similar anecdotal reports have since appeared in newspapers and scientific journals. [8] [9] [10] More recently, Willis and colleagues 11 successfully trained 6 dogs of mixed breed to identify people with bladder cancer using a discrimination task. As a group, the dogs correctly identified urine samples from patients with bladder cancer on 22 of 54 occasions; a mean success rate of 41%. Although this proof of principle study has been criticized for methodological weakness and erroneous conclusions, 12 other work, using different methods, has yielded similar results. 13, 14 In addition to detecting cancer, there is now mounting evidence to suggest that some dogs can reliably predict the on-set of epileptic seizures in their human owners, in some cases up to 45 min in advance of an event. [15] [16] [17] [18] [19] This ability appears to be inherent in some animals. However, many dogs are now being trained by specialist organizations (e.g., Support Dogs, UK) to monitor their owners for outward signs of an imminent seizure and to react in an appropriate manner (e.g., barking or pawing) if a seizure is predicted. 15, 16, [18] [19] [20] Hypoglycemia is a common and potentially hazardous complication of diabetes, usually occurring in individuals with type 1 (and increasingly type 2) diabetes who are receiving insulin. The condition typically results in physiological effects arising from the attempt to restore glucose levels (sympatheticoadrenal response). These effects can include fear, tremor, tachycardia, and/or sweating, as well as a critical lack of glucose to nervous tissue (neuroglycopenia), leading to behavioral change, seizures, or coma. 21 Despite the wide range of hypoglycemia-related signals, people with diabetes often experience poor awareness of their own symptoms, with accuracy of detection typically waning over time due to the effects of advancing age or complications of the condition, such as autonomic neuropathy. 22 Although numerous techniques (e.g., glucose sensors, skin conductors, heart-rate monitors) have been developed to facilitate early detection of hypoglycemia, 23, 24 none of these, as yet, are considered reliable, practical, or suitable for use outside clinical settings.
Anecdotal evidence now suggests that some dogs may be able to detect a fall in their owner's glucose levels. Lim and associates, 25 for example, indicated that 14 of 37 dog owners with diabetes recognized a response from their pet in reaction to their hypoglycemic episodes. A small number of case reports have also shown that dogs may be able to warn owners of impending hypoglycemia before symptoms are noticed by those whose awareness of the condition is mostly intact. 26, 27 Very recently, O'Connor and colleagues, 28 reported the case of hypoglycemia detection by a female Cavalier King Charles Spaniel in a 72-year-old non-diabetic man.
Thus far, attempts to demonstrate that dogs can detect hypoglycemia are based on little more than brief anecdotal reports. The present study was therefore designed to explore whether there is any validity to the notion that untrained domestic dogs can detect hypoglycemia in people with type 1 diabetes. This is an important issue with potentially farreaching consequences. If, for example, it is discovered that dogs can detect hypoglycemia reliably, and the mechanisms underlying this feat are established, then it may be possible to develop noninvasive electronic sensor systems to perform the same task. Trained dogs, and/or appropriately designed electronic sensor systems, could then be systematically employed as an early-warning system for people with diabetes, allowing appropriate action to be taken before the effects of hypoglycemia become disabling.
Methods
Survey
A purpose-designed survey (available from the lead author upon request), consisting of forced-choice and openended questions, was developed to assess the reported experiences of patients with type 1 diabetes concerning their pet dogs' responses to hypoglycemia. The survey was divided into four sections:
• Section 1 collected information on participant demographics, e.g., sex, age, marital status, occupation, etc.
• Section 2 concentrated specifically on the health of the participants in relation to their diabetes. Questions were posed to collect details on the length of time the participants had suffered from type 1 diabetes, how well controlled they considered their condition to be, and, if known, their latest HbA1c reading. Since the study was concerned specifically with hypoglycemia detection, categorical-style questions were also constructed to assess the frequency with which the participants experienced hypoglycemic episodes, the types of symptoms normally experienced with such events, and how good the individuals considered their self-awareness of their hypoglycemia-related symptoms to be.
• Section 3 of the survey was concerned with dog ownership, and collected demographic information on the dogs owned by the participants, i.e. sex, age, breed, length of pet ownership.
• Section 4 was designed to collect information on the reaction of the participants' dogs (if any) to their owner's hypoglycemic episodes. Participants were initially asked if their dog/s had ever reacted to any of their hypoglycemic episodes (yes, no). Individuals reporting in the positive, were required to answer further categorical questions designed to assess how many episodes of hypoglycemia their dogs had reacted to and the frequency, speed, and reliability with which they typically responded to drops in their owner's sugar levels. The final part of Section 4 allowed participants the opportunity to provide in-depth qualitative information on the behavioral reactions of their dogs to hypoglycemic events.
Procedure
The survey outlined above was made available both online and in the form of a hardcopy questionnaire. A feature advertising the research and calling for participant recruitment was placed in several UK-distributed newsletters and on diabetes-related websites. The feature provided background information on the research and gave interested parties the opportunity either to complete the survey on the website, or, if preferred, to request a hardcopy version, distributed by post. A covering letter outlining how to complete the survey was made available both online and, for those who opted to complete the paper version of the questionnaire. A freepost return envelope was also provided to this latter category of participants.
It was made clear in both the advertising feature and the covering note that individuals would only be considered eligible for participation if they: (1) had medically diagnosed type 1 diabetes, (2) were 18 years of age or older, and (3) owned one or more dogs.
Data analysis
Simple descriptive statistics were carried out for each question on the survey. A binary logistic regression analysis 29 was used to explore whether canine sex (male, female), age (Ͻ 6 months, 6-12 months, 1-5 years, Ͼ 5 years), pedigree status (i.e., pedigree vs. crossbreed) and/or length of pet ownership (Ͻ 6 months, 6-12 months, 1-5 years, Ͼ 5 years) predicted hypoglycemia-response likelihood. The
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qualitative information that owners provided on their dog's behavioral responses to their hypoglycemic episodes was categorized to establish how many dogs were reported to show specific types of reactions.
Ethical approval
Full ethical permission for the study was granted by the Research Ethics Committee, School of Psychology, Queen's University Belfast.
Results
Participants
Two hundred and twelve people chose to participate in the study, 206 (97.2%) via the online survey option and six (2.8%) by way of the hardcopy postal questionnaire. Demographic information on the sample can be found in Table 1 , which shows that the majority of respondents were female, between 18-45 years of age, married with no children, and in full-time employment.
Participants' health
Most of the respondents reported having suffered from medically diagnosed type 1 diabetes for longer than 10 years, and they considered their control of the condition to be "quite good" (Table 2 ). Latest HbA1c readings varied considerably (range: 3.9%-18.0%) among those people who knew their most recent outputs (n ϭ 146; 68.9%), with a mean reading of 7.8% (95% confidence interval [CI] 7.4-8.0), slightly above the satisfactory control range of 6.5%-7.5%.
Hypoglycemia awareness
Most respondents reported having symptoms of low blood sugar "a few times a week," and they considered themselves to be "quite good" at recognizing their own symptoms of hypoglycemia (Table 2) . Sweating, poor concentration, and trembling were the most commonly reported symptoms of low blood sugar, although a smaller proportion of the sample also indicated experiencing headaches, breathing problems, and seizures (Table 3) .
Dog ownership
Information on the types of dogs owned by the respondents is provided in Table 4 . Most of the dogs were male, over one year of age, and had been owned for over 12 months. Seventeen people (8.0%) owned more than 1 dog. Significantly (p Ͻ 0.001, binomial test) more pedigree dogs were owned than cross-breeds. The pedigree animals comprised 45 different breeds, ranging from large, working breeds (Newfoundlands, German Shepherds, Border Collies) through to smaller, toy breeds (Chihuahuas, Bichon Frisé, Yorkshire Terriers). The most commonly kept breeds were Labrador Retrievers (owned by 23 of the respondents), Border Collies (n ϭ 14), and Golden Retrievers (n ϭ 10).
Dogs and hypoglycemia awareness
Respondents were more likely than not to report that their dogs showed hypoglycemia awareness, i.e., that they had reacted to a hypoglycemic episode on at least one occasion Most of the dogs who were reported to have responded to their owner's "lows" had done so several times, and in response to most of the known hypoglycemic episodes ( Table  6 ). The majority of dogs were also reported to respond to these episodes "quite early on," i.e., in the early stages of the person realizing they were hypoglycemic. Just over a third of the dogs were believed to have shown behavioral responses before the owners themselves were aware they were hypoglycemic. Owners indicated that their dogs showed "alert" behavior in a wide variety of contexts, ranging from exercising to sleeping (Table 6 ).
The nature of the dogs' behavioral responses to their owners' hypoglycemic episodes varied between animals. Most of the dogs were perceived by their owners to engage in behaviors aimed at attracting the owner's attention. Thus, many were reported to nudge or nuzzle their owners with their noses (n ϭ 56; 40.6%), jump on top of them (n ϭ 42; 30.4%) and/or lick at their hands (n ϭ 30; 21.7%) and faces (n ϭ 38; 27.5%), particularly around the mouth.
Vocalizations, including whining (n ϭ 45; 32.6%), barking (n ϭ 34; 24.6%), and howling (n ϭ 6; 4.3%) were commonly reported. Many participants (n ϭ 53; 38.4%) also indicated that their dogs became agitated, with some pacing back and forth or jumping about. Other dogs appeared calmer, either sitting directly in front of the owner (n ϭ 14; 10.1%) or following the owner, almost like a shadow (n ϭ 54; 39.1%). Reports of dogs staring intently at the person's face were relatively common (n ϭ 57; 41.3%).
Twenty-eight people (20.3%) indicated specifically that their dogs woke them up from sleep (usually by displaying one or more of the preceding behaviors); in most of these cases (89.3%) the animal slept in an entirely different room, and some dogs (n ϭ 5; 17.8%) had to scratch or paw at a closed door before gaining entry to the bedroom.
A smaller number of dogs showed behaviors somewhat suggestive of fear, including trembling (n ϭ 10; 7.2%), running into a different room (n ϭ 7; 5.1%), and/or panting (n ϭ 3; 2.2%). Some owners (n ϭ 15; 10.9%) also indicated that their dogs tried to attract the attention of, and/or fetch, someone else in the house. One woman indicated that her dog had bitten her on the face after she had fallen into a diabetic coma.
None of the people who owned two or more dogs (n ϭ 17), indicated that more than one of their pets showed behavioral responses to their hypoglycemic episodes.
Discussion
The findings from this study suggest that behavioral reactions to hypoglycemic episodes in pet owners with type 1 diabetes commonly occur in untrained domestic dogs. Most of the respondents to this survey reported owning a dog that showed behavioral responses to hypoglycemia, and the frequency and reliability with which these animals alerted their owners to hypoglycemic episodes was relatively high. Over a third (36.0%) of the owners in the sample believed that their dogs reacted most times they went low, with the majority of animals (40.8%) showing behavioral responses at roughly the same time as the owners themselves were aware they were hypoglycemic. Moreover, just over a third (33.6%) of the dogs showed reactions before their owners had realized they were low, prompting appropriate action on the part of the owner (e.g., glucose readings, food consumption).
A wide variety of dogs were represented by the participants to the survey in terms of breed, sex, and age. Analysis revealed no significant relationships, however, between canine demographics and hypoglycemia response likelihood. Thus, owners of Poodles and Bichon Frisés were just as likely to report behavioral reactions to their hypoglycemic episodes as the keepers of German Shepherds and Labrador Retrievers. This is a positive finding in light of how difficult WELLS ET AL. 4 the selection and recruitment of dogs for training purposes can be. 16, 20 The reported behavioral reactions of dogs to their owner's hypoglycemic episodes differed between animals. Most dogs (64.5%) were reported to behave in a manner suggestive of attracting their owners' attention, for example, by jumping up toward the owner's face, licking the owner, and/or barking. Many of these dogs acted in ways that reduced the physical distance between themselves and their owners, with some animals attempting to sit on top of their caregivers or following them around like a shadow; increased eye contact, with dogs looking at their owners more frequently, also appeared to be relatively common.
A smaller proportion of dogs were perceived by their owners to be quite frightened by their blood sugar drops, moving themselves into another room, trembling, and/or hyperventilating. Interestingly, all of the multiple dog-owning participants, reported that only one of their pets showed "alert" behavior. This implies that not all dogs are reactive to the cues that signal hypoglycemia, even when emitted by the same individual. This study was purely concerned with elucidating dogs' reactions to hypoglycemia in people with type 1 diabetes. That said, a few people with type 2 diabetes (n ϭ 14) also contacted the investigators, indicating that their dogs reliably showed "alert" behavior. Likewise, five owners of cats reported the same phenomenon, in all cases waking their owners up from nocturnal episodes of hypoglycemia. Further work is needed to explore the range of animal species that might be responsive to changes in the diabetic state.
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The findings from this investigation lead one to question what signals dogs might be detecting in their hypoglycemic owners. Odor cues appear, at first glance, to be the most plausible explanation. Chen and colleagues, 26 for example, found that one dog reportedly exhibited "alert" behavior when its owner was asleep, and possibly emitting no cues other than olfactory ones. Similar findings were shown by this survey. Indeed 23.1% of the participants reported that their dog had, on at least one occasion, woken them up from a nocturnal "low." In most of these cases the dog slept in another room of the house, and in some situations the door of the owner's bedroom was closed, forcing the animal to scratch or paw at the obstacle.
Increases in sweating have been repeatedly noted in hypoglycemic individuals. 21 As in the case of cancer, it is possible that dogs can detect changes in the chemical composition of their owners' sweat, using their acute sense of smell. However, it cannot be ignored that dogs may respond to other cues besides olfactory ones, including, for example, subtle changes in their owner's mood (with people often becoming more irritable as their sugar levels drop) or visual signals related to their owner's behavior (with some people trembling, becoming disorientated, losing consciousness, or having seizures). The possibility that individual animals employ multiple signals, or that different dogs use entirely different cues equally cannot be dismissed. Research is required to determine what types of cue/s dogs employ to detect hypoglycemia. By establishing what it is that dogs are reacting to, it will it be possible to train such animals to alert in the correct manner.
Although not eligible for participation in this investigation, a female owner of a trained hypoglycemia alert dog, reported an inability of the animal to detect decreases in her sugar levels while she slept, presumably because the animal had only been trained to alert to subtle visual changes in behavior associated with her sugar level's dropping; in this case rubbing of her hands over her face was the visual cue.
This investigation benefits from having used a relatively large cohort of people with type 1 diabetes, all with firsthand experience of their pets' reactions to their hypoglycemic episodes. The participants, however, represented a self-selected sample. People owning dogs with a propensity to show overt "alert" behaviors, may thus have been more inclined to take part in the study than those whose pets showed little or nothing in the way of a behavioral response. That said, a published abstract of a questionnaire-based study conducted in Australia indicated that 72 of 106 people with diabetes whose dogs had witnessed a hypoglycemic event, reported behavioral reactions in their pets to their "lows." 30 Although the methods from this abstract are unclear, taken together, these two studies provide convincing evidence for a proportion of dogs being able to spontaneously detect hypoglycemia-related cues in their owners.
Some dog owners may not be attuned to their pets' reactions to their hypoglycemic episodes, which may have underestimated the number of dogs that can detect low blood sugar. In light of this, it is difficult to draw finite conclusions on what proportion of the canine population may be reactive to changes in their owners' diabetic states, except to say that this is a commonly reported phenomenon.
The present study provides a useful basis for further, more controlled experimentation in this area. A prospective, longitudinal approach, that uses owners' blood glucose readings as confirmation of hypoglycemia detection by dogs, could yield objective and valuable data and would complement the more cross-sectional, retrospective design adopted here. The prospect of continued work in this area will advance our understanding of the value of domestic dogs as an alerting mechanism for people suffering from diabetes and other chronic conditions, e.g., epilepsy.
Conclusions
The findings from this study suggest that many dogs can detect hypoglycemia, often without the use of visual cues and before the animals' caregivers are aware of their own symptoms. Although it was not the goal of this project to explore how dogs detect hypoglycemia, the results hint at an odor cue, although other signals (e.g., changes in owner behavior due to impaired cognitive functioning) cannot be dismissed. Research is required to elucidate what mechanism/s might underlie the ability of dogs to detect hypoglycemia and to determine whether animals can be trained to consistently alert their owners to the onset of hypoglycemia.
